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Carbon partitioning and structure evolution in the hardening treatments of high 
strength steel 
Quanshun Luo, Matthew Kitchen, Vinay Patel, Stephen Magowan 
Materials and Engineering Research Institute, Sheffield Hallam University, Howard Street, Sheffield, S1 1WB, 
UK 
Abstract: In this paper, we report the microstructural evolution and carbon partitioning behaviour of an alloyed medium carbon steel 
in continuous quenching and the subsequent tempering process. The obtained samples were characterized by XRD with Gaussian 
peak-fitting analysis, field-emission-gun SEM, and TEM. It has been found that, the oil quenched sample was hardened to HV 742, 
exhibiting a mixed microstructure of plate- and lath-type martensites with a 8.0% volume fraction of retained austenite, as well as a 
small number of un-dissolved carbide particles. Carbon partitioning was evidenced in the as-quenched structure by supersaturation of 
carbon to 0.93 wt% in the retained austenite. Moreover, careful peak-fitting analysis of the martensite diffraction peak {200}M 
suggested the existence of two martensitic structures having different carbon contents, namely 0.41% and 0.19 wt% respectively, 
which corresponded to the lath- and plate-type martensites as verified by TEM observation. Slower cooling rates in thick samples have 
been found to facilitate more pronounced carbon partitioning, which included the diffusion of carbon from the newly formed 
martensite to the un-transformed austenite and the precipitation of carbide particles in the martensite/ferrite matrix. Subsequent 
tempering following the quenching treatment resulted in a decrease in hardness from 677HV to 542HV due to the recovery of lattice 
strains in the martensite and, when tempered at 3000C or higher temperatures, significant decrease in carbon contents with martensite. 
Key Words: Carbon partitioning; Heat treatments; Steel; X-ray diffraction; Gaussian peak-fitting 
CARBON PARTITIONING refers to the diffusion of 
carbon atoms from super-saturated martensite and or 
bainite to under-cooled austenite in the hardening 
heat treatments of steels. In recent years, several 
novel heat treatment processes have emerged in 
developing carbide-free bainitic steels[1-5] and duplex 
martensite and austenite steels[6-9]. These 
technological advances are attracting comprehensive 
studies about microstructural evolution during the 
transformation of under-cooled austenite to bainite or 
martensite, especially the phenomenon of carbon 
partitioning. In fact, carbon partitioning in martensite 
transformation was addressed in literature long time 
ago[10-14]. Carbon as an essential chemical component 
provides the most important basis for various 
strengthening mechanisms of steels. It also has 
significant influence on the transformation 
temperature of under-cooled austenite. Several 
recently published articles have reported carbon 
partitioning in isothermal treated bainitic steels[3, 15-16], 
in partially quenched and partitioning treated 
martensitic steels[7, 14, 17-18] and in a tempered bainitic 
steel[19].  
Quantitative study of carbon partitioning depends 
strictly on accurate measurement of carbon contents 
in various matrix phases. X-ray diffraction is well 
known for its high precision in quantitative 
crystallography measurements. The principle is based 
on the linear relationships between the carbon content 
and the lattice parameter of austenite[20] and or the 
tetragonal ratio (i.e. the c/a ratio) of martensite[21]. 
The measurements, however, are practically not easy 
in the case of hardened steels, either because of the 
very small volume fractions of retained austenite or 
due to the extremely strong lattice distortion of 
martensite which leads to significant broadening of 
the diffraction peaks. Alternative techniques of 
carbon content measurements have been reported to 
include the dilatometric method[15, 22], transmission 
electron energy loss spectroscopy (EELS), and atom 
probe topography (APT)[14, 16-19]. The dilatometric 
method is in principle based on the measurement of 
the Ms temperature, namely, the starting temperature 
of austenite-to-martensite transformation. But it fails 
to distinguish the carbon contents of newly formed 
martensite and the retained austenite. EELS is a 
powerful analytical tool both in detecting light 
elements and in characterizing the chemical bonding 
of compounds[23,24], whereas there might be technical 
problems regarding preparation of ultra-clean 
samples free from surface contamination. APT is a 
newly emerging analytical tool providing carbon 
content measurement at extremely high spatial 
resolution, e.g. in nano-scales across the austenite to 
martensite and or austenite to bainite interfaces[2, 19]. 
In particular, some papers reported good consistency 
in carbon contents measured by XRD and APT 
methods[3, 15, 16].  
In this paper, we present the carbon partitioning 
behaviour of a medium carbon steel in continuous 
cooling as well as in subsequent tempering treatments. 
The effect of cooling conditions on the carbon 
partitioning behaviour is reported. Along with 
microstructural characterization by means of 
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scanning electron microscopy 
transmission electron microsc
comprehensive analyses were carr
quantitative XRD measurements 
multiple Gaussian peak-fitting. 
1. Experimental 
1.1 Material, heat treatments 
preparation 
Experimental samples were taken 
alloy steel having chemical compos
from AISI L6 (in wt%: C 0.5-0.6, Si+
0.6-1.2, Ni 1.2-2.0, Mo+V 0.6-0.8, 
Two types of samples were prepared,
of 8×10×20 mm in size for standard
tempering treatments and cylindrical 
in diameter and 60 mm in length fo
slower cooling conditions. The heat t
carried out using a digitally program
resistance, muffle furnace. Table 1 list
heat treatments.  
Before hardness testing and subse
the as-treated surfaces were ground 
240# abrasive papers to remove the so
at least 0.4 mm. For the cylindrical sa
thick slice was taken from the mi
cutting the cylindrical section usi
erosion technique under cooling, to m
heating.  Vickers' hardness tests were
ground sample surfaces being ground 
abrasive papers. The applied indent
30kg. An average value was made from
The samples for XRD and SEM ob
ground and polished following 
metallographic preparation procedur
with careful polishing using a 1µm d
SEM samples were etched using a 2%
The samples for TEM observations w
to a thin foil approximately 120-150
and then finished by electro-chemical 
a TenuPol-5 twinjet electropolishing 
electrolyte composed of 7% perchlori
glacial acetic acid at room temperatur
of 32 V.  
Table 1 
No. Samples
1 8 mm bloc
2 8 mm bloc
3 8 mm bloc
4 8 mm bloc
5 5 mm depth of c
6 Core of cyli
7 5 mm depth of c
8 Core of cyli
for Heat Treatment and Surface Engineering
(SEM) and 
opy (TEM), 
ied out using 
assisted with 
and sample 
from hot rolled 
itions modified 
Mn 0.8-1.3, Cr 
Fe in balance). 
 namely blocks 
 hardening and 
bars of 50 mm 
r hardening at 
reatments were 
med electrical 
s the conducted 
quent analyses, 
using 120# or 
ftened layer by 
mples, an 8 mm 
ddle length by 
ng wire spark 
inimize sample 
 carried out on 
using 320# SiC 
ation load was 
 five indents.  
servations were 
the standard 
e and finished 
iamond slurry. 
 nital solution. 
ere first ground 
 microns thick, 
polishing using 
device using a 
c acid and 93% 
e and a voltage 
1.2 Characterization  
A high resolution ins
FEG-SEM, was employed
observation. A Philips C
characterize the martensite 
samples. The instrument h
operated at 200 kV.  
Quantitative XRD analy
the fraction and lattice para
and the tetragonal ratio
diffraction measurements
employing a Philips X’P
using a Cu X-ray emitter a
data of five diffractions, n
{200}γ, {220}γ and {311}γ
{200}α and {211}α, were
Brentano mode using a st
acquisition time of 1,000
example of the acquired 
Figure 1. 
Fig. 1 XRD peaks of the oil-qu
{220} and {311} of austeni
marte
The volume fraction of
was calculated using equati
where IA and IM stand for t
the austenite and mart
respectively and G is a c
combination of the austenit
 
Heat treatments and resulting hardness of the samples. 
 Austenisation Cooling Tempering 
k 8500C / 25 min Oil n/a 
k 8500C / 25 min Oil 2000C / 120 min 
k 8500C / 25 min Oil 3000C /120 min 
k 8500C / 25 min Oil 4000C / 120 min 
ylinder 8500C / 30 min Oil n/a 
nder 8500C / 30 min Oil n/a 
ylinder 8500C / 30 min Air n/a 
nder 8500C / 30 min Air n/a 
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trument, FEI NOVA200 
 for the microstructural 
M20 TEM was used to 
sub-structures on selected 
as a W-filament and was 
sis was used to determine 
meter of retained austenite 
 of martensite. X-ray 
 were performed by 
ert X-ray diffractometer 
t 40kV and 40 mA. XRD 
amely the austenite peaks 
, and the martensite peaks 
 collected at the Bragg-
ep size 0.030 and a long 
 seconds per step. An 
diffractions is shown in 
 
enched sample: namely {200}, 
te and {200} and {211} of 
nsite. 
 retained austenite (A%) 
on A% = IA / (IA + G · IM ), 
he integrated intensities of 
ensite diffraction peaks 
onstant depending on the 
e and martensite planes.  
HV30 
742±9 
677±17 
588±14 
542±4 
717±3 
704±11 
464±13 
422±16 
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The values of the G constants were adopted from 
selected literature [20, 21, 25].  
To determine the carbon content of retained 
austenite, a self-developed Gaussian peak-fitting 
technique was employed to determine the 2θ values 
of the small and broad {200}γ, {220}γ and {311}γ 
diffractions [26, 27]. Then the austenite lattice 
parameter was calculated by averaging the three 
values obtained from the d-spacings. Consequently 
the carbon content of the retained austenite, C% in 
weight percent, was estimated using the formula 
suggested by Abbaschian et al [20]: a0 = 0.3555 + 
0.0044·C%.   
 
Fig. 2 Multiple Gaussian peak-fitting of the {200}M peak of 
the oil-quenched sample martensite: (0) original diffraction; 
(1&2) diffractions of plate-type martensite; (3&4) diffractions 
of lath-type martensite; and (5) sum of peaks 1-4.  
The carbon content of martensite was determined 
from the XRD data according to the linear 
relationship of carbon content to the tetragonal ratio 
(c/a): C% = [0.28661 × (c/a - 1)]/[0.00124 + 0.0115 
× c/a] [20,21]. Gaussian peak-fitting was applied to 
deconvolute the {200}M diffraction peak to two sub-
peaks of (200)/(020)M, and (002)M in order to 
determine the tetragonal ratio. However, it was found 
that the {200}M peaks collected on the investigated 
samples did not fit well to a two-peak model. This 
phenomenon was believed to be attributed to the 
mixed martensite substructures. Therefore, the lath-
like martensite should have a different carbon content 
and thereby a different c/a ratio from the plate-like 
martensite as suggested in the literature[11, 28]. 
Consequently, a multiple four-peak Gaussian fitting 
programme was developed to determine the c/a ratios 
and volume fractions of the two types of martensites. 
An example of the four-peak fitting is shown in 
Figure 2.  
To the knowledge of the authors, such quantitative 
separation of martensite sub-structures is reported for 
the first time. 
2. Results and discussion  
2.1 Microstructure and carbon partitioning in as-
quenched steel  
Figure 3 is a back-scattered SEM image showing 
the microstructure of the as-quenched steel. The 
microstructure is a mixture of martensitic laths and 
plates as well as a small amount of retained austenite.  
 
Fig. 3 Microstructure of oil-quenched block sample. 
The retained austenite was detected using XRD 
analysis, Figure 1. Quantitative results of the XRD 
analysis are listed in Table 2, including the volume 
fractions and carbon contents of retained austenite, 
lath-type martensite (MII) and plate-type martensite 
(MI), the broadening (full-width-at-half-maximum) 
Table 2 Quantitative results of XRD measurements of all the tested samples.  
Sample HV Retained austenite Peak broadening MI MII M 
  Vol.% C% {200}M {211}M Vol.% C% Vol.% C% C% 
1 742±9 8.0±0.6 0.90 1.39 1.32 57.3 0.41 34.7 0.19 0.32 
2 677±17 8.4±1.8 0.90 1.22 1.19 46.2 0.40 45.4 0.18 0.29 
3 588±14 - - 1.02 0.96 47.7 0.37 52.3 0.05 0.20 
4 542±4 - - 0.87 0.83 55.9 0.25 44.1 0.06 0.17 
5 717±3 3.4±0.1 1.02 1.16 1.09 44.7 0.55 51.8 0.10 0.33 
6 704±11 1.9±0.4 1.04 0.99 1.02 52.5 0.41 45.5 0.15 0.29 
7 464±13 3.6±0.6 1.18 0.73 0.73 40.8 0.33 55.3 0.01 0.15 
8 422±16 3.9±1.7 1.28 0.56 0.56 46.7 0.17 49.0 0 0.08 
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Fig. 4 TEM bright 
of the martensite diffractions {200}
and the overall carbon content of mar
quenched steel contains approximatel
austenite and the carbon content of 
approximately 0.90%. The tetragonal
and plate-type martensites were de
1.0146 and 1.0066 respectively, whic
the carbon content of 0.19 for the m
and 0.41 for the martensite plates
fraction of the lath- and plate-like m
estimated, according to the inten
separated sub-peaks, to be 34.7%
respectively. The co-existence of lath
martensites has been verified in TEM
shown in Figure 4. In Figure 4a, 
exhibits parallel laths in each block 
the sub-structure is dislocations. In
martensite place shows high density o
So far, two types of martensitic
different carbon contents and sub-
been transformed from under-cooled 
continuous oil-quench. The results rev
partitioning can take place not only
transformations as reported in the lite
but also in continuous cooling. Unlike
prediction or description in earlie
precise quantitative analysis of
partitioning has become realistic in
work.  
For the kinetics of carbon partitioni
Ms temperature of the investigated m
alloyed steel is higher than 2000C, eff
of carbon atoms from the supersatura
lattice to the adjacent austenite 
especially in the early stage of the 
leading to the formation of lath-ty
for Heat Treatment and Surface Engineering
  
field images of (a) lath-type martensite and (b) plate-type m
M and {211}M, 
tensite. The as-
y 8.0% retained 
the austenite is 
 ratios of lath- 
termined to be 
h correspond to 
artensite laths 
. The volume 
artensites was 
sities of the 
 and 57.3% 
- and plate-like 
 observation, as 
the martensite 
grain, in which 
 Figure 4b, a 
f twins. 
 structures of 
structures have 
austenite in the 
eal that carbon 
 in isothermal 
rature [3, 7, 14-18], 
 the qualitative 
r studies[10-13], 
 the carbon 
 the presented 
ng, because the 
edium carbon 
ective diffusion 
ted martensitic 
was feasible 
transformation, 
pe martensites. 
Consequently the remai
enriched in carbon, which 
martensites when the temp
lower. When the transform
room temperature, carbon 
retained austenite.  
2.2 Effect of cooling rate o
Samples 5-8 in Tables 1
of cooling conditions on
carbon partitioning behavio
cooling provided a slowe
quench, whereas in both
should have cooled more
edges. 
Typical microstructures
shown in Figure 5. The oi
predominantly laths and pla
the air-cooled sample was 
to martensite for the presen
in some region. Such regio
in the metallographic samp
ferrite-carbide mixture show
martensite and retained aus
The hardness measurem
hardness with decreasing
HV717 at the oil-quenched
the air-cooled central re
hardness is directly related 
the martensite or ferrite m
peak broadening of th
diffractions {200}M and {2
The XRD analyses perfo
(Samples 5-8 in Table 2)
carbon partitioning depend
the first, although all the sa
, 23-25 Oct 2012, Beijing 
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artensite. 
ning austenite became 
transformed to plate-type 
erature was progressively 
ation was terminated at 
enrichment resulted in the 
n carbon partitioning  
 and 2 illustrate the effect 
 the microstructure and 
ur. In these samples, air-
r cooling rate than oil-
 cases the core regions 
 slowly than the surface 
 of the two samples are 
l-quenched sample shows 
tes of martensite, whereas 
only partially transformed 
ce of carbide precipitates 
ns were easily recognized 
le preparation because the 
ed faster etching than the 
tenite regions. 
ents reveal a decrease of 
 cooling rate, e.g. from 
 sample edge to HV422 at 
gion. The decrease of 
to the reduced straining of 
atrix, seeing the measured 
e martensite or ferrite 
11}M in Table 2.  
rmed on the four regions 
 reveal the behaviour of 
ent on the cooling rate. In 
mples show small volume 
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Fig. 5 SEM images of an oil-quenched thick rod of 50 mm in diameter: (a) at depth of 5 mm; (b) at the core; (c) and (d) air-cooled 
surface and core areas. 
fractions of retained austenite, the austenite carbon 
contents are remarkably higher than the nominal 
carbon content of the sample and more importantly, 
increase with decreasing cooling rate. In other words, 
slower cooling led to enhanced carbon enrichment in 
the retained austenite. Secondly, the XRD results 
show a decrease of carbon contents in the martensites, 
i.e. from 0.55% at the edge of the oil-quenched 
sample to 0.18% at the core of the air-cooled sample 
for MI. In particular, the MII sub-phase in the air-
cooled sample shows extremely low carbon contents, 
which is consistent to the carbide precipitation. The 
overall carbon content of the martensite has 
decreased from 0.33% of the oil-quenched sample 
edge to 0.09% of the air-cooled sample core region.  
2.3 Microstructure and carbon partitioning in 
tempering samples 
Figure 6 shows high magnification SEM images of 
the three tempered samples (Samples 2-4 in Table 1). 
Whereas the three samples still retained the as-
quenched martensitic morphology, carbide 
precipitates observed in both the 3000C and 4000C 
tempered samples evidenced the structural evolution. 
The structural evolution was accompanied by the 
softening of the steel from HV742 to HV542, Table 1. 
 The 2000C tempered sample showed little change 
in the retained austenite, but remarkable recovery of 
lattice strains in the tempered martensite. The overall 
carbon content of martensite has been decreased from 
0.32% to 0.29%. Then with increasing tempering 
temperature from 2000C to 4000C, further 
pronounced recovery of the martensite strains took 
place along with the decrease of carbon contents in 
both the lath-type martensite (MII) and plate-type 
martensite (MI). The variation of the martensite 
carbon contents can be explained by the 
homogeneous precipitation of carbides in the 
martensite matrix, Figure 6 b-c. 
3. Conclusions  
(1) Using a sample material of alloyed medium 
carbon steel, a series of continuous hardening 
treatments have been carried out followed by a 
number of tempering treatments at selected 
temperatures from 2000C to 4000C. A self-developed 
multiple Gaussian peak-fitting technique has been 
introduced to perform quantitative analysis of the 
carbon contents of the resulting martensite and 
austenite constituents.  
(2) Significant carbon partitioning has been found 
to take place during the phase transformation from 
under-cooled austenite to martensite, resulting in 
different carbon contents between the retained 
austenite and the martensite. In particular, two types 
of martensite constituents having different carbon   
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Fig. 6 SEM images of oil-quenched block samples after tempering at various temperatures: (a) tempered at 2000C; (b) tempered at 
3000C and (c) tempered at 4000C. 
contents have been determined by using the 
combined FEG-SEM, XRD and TEM analyses. 
(3) Slower cooling rates in thick samples have 
been found to facilitate more pronounced carbon 
partitioning, which included the diffusion of carbon 
from the newly formed martensite to the un-
transformed austenite and the precipitation of carbide 
particles in the martensite/ferrite matrix.  
(4) Subsequent tempering, following the 
quenching treatment, resulted in the recovery of 
lattice strains in the martensite and, when tempered at 
3000C or higher temperatures, significant decrease of 
the carbon contents within the martensite.  
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